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DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, Cholera remains a major problem in developing nations which lack the sanitary facilities to prevent bacterial contamination of water and food supplies (7). Untreated, the profuse intestinal diarrhea characteristic of the classical form of cholera leads to dehydration and hypovolemic shock. Severe morbidity and death can usually be avoided by fluid therapy alone since the dysentery is selflimited after a course of 2 to 7 days. Current vaccines, using either purified toxin or peptide epitopes, have failed to provide effective long-term immunity (2). 
OVERALL STRUCTURE
The crystal structure of nicked cholera holotoxin (choleragen) was solved by combining phases from molecular replacement using the previously determined B pentamer (choleragenoid (7 3)) and additional multiple isomorphous replacement ( Table 1 ). The refined model includes all protein atoms with the exception of three residues at the Al-A2 cleavage site (residues A:193-195).
The overall quality of the electron-density map is high (Figure 3 ), however, the density for residues A:192 and A:237-240 is fragmented. Nicking of the A chain in the crystallized toxin is supported by the large distance (9 A) and the improbable geometry between the observed A1 carboxyl terminus (Argl92) and the amino-terminus of A2 (Serl96). The two chains of the nicked A subunit remain held together by extensive noncovalent forces and a single intrachain disulfide bond (Cysl87=Cys199). The crystal structure of CT is well hydrated with over 100 obvious solvent molecules discernible at the current resolution.
The three-dimensional coordinates agree well with previous low-resolution models derived from electron microscopy (741, atomic force microscopy (751, and infrared spectroscopy (16) .
THE B SUBUNIT
As discussed in an accompanying report (131, the B subunits of CT form a highly stable pentamer (choleragenoid) with nearly perfect fivefold symmetry.
The central pore (11 A diameter x 40 A long) is lined by five amphipathic ahelices that are intimately involved in pentamer stabilization. The pentamer contains five equivalent GMI binding sites with published dissociation constants ranging from 10-9 to 10-10 M (77). Small angle X-ray diffraction studies suggest that the negatively charged pentasaccharide of GMI (Gal-p 1- 
THE A SUBUNIT
The A subunit of CT is translated as a single chain of 240 amino acids that is nicked by a bacterial endoprotease to form two chains (AI and A2) associated by an interchain disulfide bond and multiple weaker interactions (27) The A2 chain anchors the enzymatic A1 chain to the B pentamer. The A2
chain of LT consists of three discrete segments; a long amino-terminal helix (residues 197 to 224), a length of extended chain that passes through the pore of the B pentamer (residues 225 to 231), and a small carboxyl-terminal helix (residues 232 to 236+) (79). In contrast, the A2 chain of CT consists of a nearly continuous a-helix broken only by a kink, or bend, of 52' at residue 228. This kink is stabilized by a hydrogen bond between the y-oxygen of Ser228 and the peptide nitrogen of Asp229. This kink is significant because it redirects the helix prior to its descent into the pentamer pore. The sequence of the last four residues of the A2 chain (KDEL) mimics that of an endoplasmic retention signal (HDEL) (24) . These residues lie outside the ventral opening of the central pore with little or no stabilization by the B subunits. The carboxyl terminal of LT is completely disordered in its crystal structure, but it is clearly visible in CT ( Figure   6 ). This presumably is due to the more compact nature of the A2 chain of CT (a-helix) relative to that of LT (extended chain). This permits the KDEL residues of CT to lie closer to its pentamer. Deletion of these residues has little effect on pentamer formation of the B subunits, but loss of the carboxyl-terminal KDEL sequence reduces the stability of the Al-pentamer complex (25) .
Despite the relatively small size of the A2 chain, it shares an extensive interface with A1 (Figure 4) . The long N-terminal A2 helix (residues 196-228) lies in a shallow groove that extends from one corner of the A1 subunit to the Al-B interface. The carboxyl terminus of the A1 chain and the N terminus of the A2 chain are partially disordered in the electron-density map, suggesting that this region contributes minimally to the stability of the nicked A subunit. Since the interactions throughout the length of the A1 -A2 interface appear relatively tenuous, the disulfide bridge between A1 (1 87) and A2( 199) probably serves as the primary anchor between the two chains.
THE A SUBUNIT / B PENTAMER INTERFACE
The arrangement of the B subunits in choleragen differs only modestly from that described for choleragenoid (13) . Introduction of the A chain affects only the B side chains that extend into the central pore of the pentamer or that lie is likely to be a consequence of these latter rearrangements (27).
CONCLUSIONS
The crystal structure of CT provides a detailed structural context for a rich collection of biochemical, genetic, and physical studies. The arrangement and contacts between subunits suggests that the B pentamer serves as a targeting R. -G. Zhang , et a/., Cholera Toxin (Choleragen) device for delivering the A I chain to susceptible cell surfaces. Unfortunately, the crystal structure alone provides no direct indication for the mechanism by which the enzymatic fragment enters the cytoplasm. Co-crystals of CT with intact GM1 and substrate analogues are an obvious next step to defining the molecular basis of toxicity. Electron density map is clearly interpretable but fragmented in places. These four residues are a-helical and constitute the end of the long (229-240) carboxyl terminal helix of A2 which passes through the central channel of the Bsubunit pentamer.
